INTRODUCTION
Isofuranonaphthoquinones (IFQs) and isoindolequinones (IIQs) comprise a small family of natural products featuring a characteristic tricyclic naphtho [2,3-c] furan(or pyrrole)-4,9-dione ring scaffold, with varying substitutions at rings A, B or C (Figure 1a ). 1 The first reported IFQ natural product was isolated from the fungus Nectria haematococca in 1983. 2 To date, the majority of this family of natural products are produced by fungi and plants. 1 Actinobacteria, especially the genus Streptomyces, have also been shown to be sources of IFQs and IIQs. 3, 4 The first IIQs, featuring the 2H-benzo[f]isoindole-4, 9-dione scaffold, were bhimamycin C and D, isolated from Streptomyces sp. GW32/698 in 2003. 3 The IFQs have been reported to have antibacterial, antioxidant, antiplasmodial, cytotoxic and Fe(III) chelation activities. [3] [4] [5] [6] Nothing was known about IFQ biosynthesis until the recent cloning and characterization of the ifn gene cluster from Streptomyces sp. RI-77, which was confirmed experimentally to encode the production of two IFQs JBIR-76 and JBIR-77 (Figure 2a ). 5, 6 JBIR-76 and JBIR-77 biosynthesis featured a type II polyketide synthase that assembles an octaketide intermediate from malonyl CoA precursors and a Baeyer-Villiger monooxygenase that catalyzes a key C-C bond cleavage, affording the characteristic IFQ scaffold of JBIR-76 and JBIR-77 (Figure 2b ). 6 The biosynthetic origin of IIQs and their relationship to IFQs have not been addressed. It is worth noting that IIQs are always co-isolated with related IFQs and have been prepared upon heating the related IFQs with an amine (albeit in low yields). 3 These observations have raised the question if IIQs are artifacts of isolation that could be derived spontaneously from IFQs in the presence of an amine.
The Natural Products Library Initiative (NPLI) at the Scripps Research Institute (TSRI) aims at constructing a natural products library with unique chemical and structural diversity that complements the small-molecule collection at TSRI. The NPLI biases natural products from Actinomycetales that are isolated from unexplored or underexplored ecological niches and unavailable in public strain collections. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The current library at TSRI consists of (i) purified natural products with fully assigned structures, (ii) C-18 mediumpressure liquid chromatography fractions, and (iii) crude extracts of microbial fermentation. Typically, strains were fermented in multiple media and subjected to HPLC and LC-MS analysis. Those with HPLC profiles showing rich chemical diversity are given high priority for further natural products isolation and structural elucidation.
Here we report the discovery of seven new IFQs, IFQ A-G (1-7) and three new IIQs, IIQ A-C (8-10), along with the known anthraquinone desoxyerythrolaccin (11), 18 from Streptomyces sp. SB3501, a mutant strain of Streptomyces sp. CB01883. The new IFQs and IIQs feature varying substitutions at the A-ring (1-6), B-ring (7) and C-ring (8) (9) (10) . All compounds (1-11) were assayed for antibacterial activities, with 11 and 1, 5-7 exhibiting moderate and weak activities, respectively, against several Gram-positive bacteria tested. The ifq (isofuranonaphthoquinone) gene cluster encoding 1-6 biosynthesis was identified by mining the Streptomyces sp. CB01883 genome, facilitated by the ifn gene cluster recently cloned for JBIR-76 and JBIR-77 biosynthesis in Streptomyces sp. RI-77. 6 We also showed that simply mixing IFQ A (1) with anthranilamide in refluxing ethanol afforded IIQ B (9) and the reaction could be accelerated upon acid catalysis, supporting the proposal that IIQs may be derived nonenzymatically from IFQs in the presence of an amine.
RESULTS AND DISCUSSION
Strain selection, taxonomy and fermentation optimization Streptomyces sp. CB01883 was isolated from a forest soil sample collected in Guangnan County, Yunnan Province, China. It grows and sporulates well on ISP4 agar medium, and was classified as a Streptomyces species on the basis of a phylogenetic analysis using the concatenated partial sequences of three housekeeping genes 16 S rRNA, rpoB and trpB (Genebank accession number KT722854, KT736417 and KT793843, respectively). [14] [15] [16] In our continued effort Isofuranonaphthoquinones from Streptomyces sp. CB01883 Z Guo et al to study the biosynthesis of hybrid peptide-polyketide natural products, [19] [20] [21] we sequenced the genome of Streptomyces sp. CB01883 and deleted a gene from a hybrid peptide-polyketide natural product biosynthetic gene cluster to generate the Streptomyces sp. SB3501 mutant strain. Streptomyces sp. SB3501 was fermented in four media (Supplementary Table S1 ), and their crude extracts were subjected to HPLC and LC-MS analysis, revealing rich metabolite profiles (Supplementary Figure S1) . Streptomyces sp. SB3501 therefore was given high priority for natural products isolation, aiming at discovering new natural products.
The fermentation of Streptomyces sp. SB3501 in medium M1 yielded the richest metabolite profile that included a major metabolite with [M+H] + ion at m/z 261, which did not match the natural products in our current library at the time, indicative of a new natural product. To isolate and identify this major metabolite, we first made a crude extract from 1-L fermentation of Streptomyces sp. SB3501 in medium M1 and subjected it to a combination of silica gel, Sephadex LH-20 and C-18 chromatography, resulting in the isolation and identification of this metabolite, named as IFQ A (1), a new member of the IFQ family of natural products. We also compared the metabolite profiles of Streptomyces sp. CB01883 wild-type and SB3501 mutant strains in medium M1. Although 1 was produced by both strains, its titer in Streptomyces sp. SB3501 was significantly higher than that from the Streptomyces sp. CB01883 wild type (Supplementary Figure S2) , hence the choice of Streptomyces sp. SB3501 as the preferred strain for larger scale fermentation and natural product production. Thus, from 20-L fermentation of Streptomyces sp. SB3501 in medium M1, we subsequently isolated six additional IFQs, named IFQ B-G (2-7), three IIQs, named IIQ A-C (8-10) and a known anthraquinone desoxyerythrolaccin (11), 18 together with 1 as the major metabolite.
Structural elucidation IFQ A (1) was isolated as a yellow solid. The molecular formula of 1 was determined as C 13 (Tables 1 and 2 ). Initial interpretation of the MS, 1 H NMR, 13 C NMR, HSQC and HMBC spectra (Figure 1b) suggested that the structure of 1 was similar to a The ultraviolet (UV) and infrared spectroscopy (IR) spectra of 2 resembled those of 1, and most of the 1 H and 13 C NMR data of 2 were highly similar to those of 1 (Tables 1 and 2 ). In the 1 H NMR, 13 C NMR and HSQC spectra of 2, additional signals attributed to a methoxyl group (δ H 3.87 and δ C 60.5) were observed, indicating one hydroxyl group in the A-ring was replaced by a methoxyl group. This was confirmed by the HMBC correlations from 7-OCH 3 to C-7 (δ C 139.9) and from 8-OH (δ H 13.18) to C-7 (δ C 139.9), C-8 (δ C 158.0) and C-8a (δ C 112.5; Figure 1b ), hence the unambiguous assignment of the 2 structure ( Figure 1a ). IFQ C (3) was purified as a yellow solid. HR-ESI-MS gave an [M+H] + ion at m/z 275.0555, consistent with the molecular formula C 14 H 10 O 6 (calculated for [M+H] + ion at m/z 275.0550), which was the same as 2. The 1 H and 13 C NMR spectra of 3 resembled those of 2, and the major differences observed in the NMR spectra could be attributed to the different position of the methoxyl group (Tables 1  and 2 ). HMBC and ROESY correlations of 3 provided evidence for the methoxyl group (δ H 3.95, δ C 56.6) to be at C-6 of the A-ring. Specifically, HMBC correlations were observed from H-5 (δ H 7.30) to C-4 (δ C 177.8), C-4a (δ C 126.9), C-6 (δ C 151.7), C-7 (δ C 140.7) and C-8a (δ C 113.7), and from 6-OCH 3 (δ H 3.95) to C-6 (δ C 151.7). The ROESY spectrum showed a key correlation of H-5 (δ H 7.30) with 6-OCH 3 (δ H 3.95; Figure 1b ). Taken together, the structure of 3 was unambiguously assigned (Figure 1a The 1 H NMR spectrum of 4 was comparable to those of 2 and 3, except for the absence of a proton signal corresponding to the hydroxyl group at the A-ring. One new methoxyl group signal was shown in the NMR spectra, hence suggesting 4 would be a 6,7-dimethoxyl congener of 1 (Tables 1 and 2 ). The HMBC correlations from 6-OCH 3 (δ H 4.05) to C-6 (δ C 158.1), from 7-OCH 3 (δ H 4.03) to C-7 (δ C 141.4) and from 8-OH (δ H 13.08) to C-7 (δ C 141.4), C-8 (δ C 157.3), and C-8a (δ C 113.9), as well as the key ROESY correlation between 6-OCH 3 (δ H 4.05) and H-5 (δ H 7.46) confirmed the positions of these two methoxyl groups (Figure 1b) , hence the assignment of the structure of 4 ( Figure 1a) . IFQ E (5) and IFQ F (6) were both isolated as yellow solids. HR-ESI-MS yielded [M+H] + ions at m/z 291.0499 and 291.0501 respectively, consistent with the same molecular formula of C 14 H 10 O 7 (calculated for [M+H] + ion at m/z 291.0499) for both 5 and 6. The 1 H and 13 C NMR spectra of 5 and 6 were almost identical to those of ventilone F, a known IFQ isolated from the plant Ventilago goughii 22 (Tables 1 and 2 ). Detailed analysis of the HSQC and HMBC spectra of 5 and 6 showed that they could be the tautomeric forms of ventilone F, which were confirmed by (i) the correlations from H 3 -10 (δ H 2.71) to C-1 (δ C 160.4), C-9 (δ C 185.1) and C-9a (δ C 116.4), from OH-5 (δ H 13.62) to C-4 (δ C 182.5), C-4a (δ C 107.2), C-5 (δ C 154.8), C-6 (δ C 141.1) and C-7 (δ C 149.4), and from 6-OCH 3 (δ H 3.88) to C-6 (δ C 141.1) in the HMBC spectrum of 5 and (ii) the correlations from H 3 -10 (δ H 2.69) to C-1 (δ C 159.9), C-9 (δ C 184.2) and C-9a (δ C 116.3), from OH-8 (δ H 13.60) to C-6 (δ C 148.0), C-7 (δ C 141.5), C-8 (δ C 154.4), C-8a (δ C 107.6) and C-9 (δ C 184.2), and from 7-OCH 3 (δ H 3.89) to C-7 (δ C 141.5) in the HMBC spectrum of 6 (Figure 1b) . Thus, the structures of 5 and 6 were ambiguously assigned (Figure 1a) . IFQ G ( (Figure 1b) . The other signals observed in the 1 H and 13 C NMR of 7 were very close to those of 1, indicating a similar structure except for the absence of a carbonyl carbon and the presence of a quaternary carbon C-4 (δ C 65.7) in 7, which could be deduced as an aminal function (Tables 1 and 2 ). In the HMBC spectrum, correlations from 2′-NH (δ H 7.36), 7′-NH (δ H 8.61) and H-5 (δ H 6.92) to C-4 (δ C 65.7), and from 2′-NH (δ H 7.36) to C-3a (δ C 130.2) identified the formation of a spiro ring system (Figure 1b) . This assignment was supported by the ROESY experiment of 7, in which the correlations of 2′-NH (δ H 7.36) with H-3′ (δ H 6.57), and 7′-NH (δ H 8.61) with H-5 (δ H 6.92) were indeed observed. Taken together, the extensive NMR analysis finally allowed the unambiguous assignment of the 7 structure (Figure 1a ). The 1 H NMR data were similar to those of 2, and comparison of partial 13 C NMR data with those of 2 confirmed their close similarity except for the signals of C-1 and C-3, which were up-field shifted from δ C 160.1 and 145.7 in 2 to δ C 137.6 and 122.5 in 8, respectively (Tables 1,2 and 3). Considering the 1 H NMR data and molecular formula of 8, we suggested these two carbons might be connected to a secondary amine, which was further confirmed by the correlations from H-3 (δ H 7.53) to C-1 (δ C 137.6), C-3a (δ C 122.0), C-4 (δ C 178.9) and C-9a (δ C 116.7), and from H 3 -10 (δ H 2.55) to C-1 (δ C 137.6), C-9 (δ C 186.3) and C-9a (δ C 116.7) in the HMBC spectrum. The position of the methoxyl group (δ H 3.80) at C-7 (δ C 139.3) was established by the HMBC correlations from H-5 (δ H 7.10) and 7-OCH 3 (δ H 3.80) to C-7 (δ C 139.3) and the absence of ROESY correlation between H-5 (δ H 7.10) and 7-OCH 3 (δ H 3.80) (Figure 1b) , hence the final assignment of the 8 structure (Figure 1a) . IIQ B (9) was isolated as a dark yellow solid. The HR-ESI-MS analysis gave an [M+H] + ion at m/z 379.0928, establishing a molecular formula of C 20 H 14 N 2 O 6 (calculated for [M+H] + ion at m/z 379.0925). The 13 C NMR spectrum had similar resonances with those of 1, except for the signals of C-1 and C-3, which were up-field shifted from δ C 159.9 and 145.1 in 1 to δ C 139.2 and 126.7 in 9, respectively, and an additional aromatic moiety (Table 3 ). These data suggested the two carbons to be connected to a nitrogen atom, thus resembling 8. .52) to C-2′ (δ C 134.5) confirmed the connection of isoindolenaphthoquinone fragment with the 1,2-disubstituted benzene moiety through a C-N bond (Figure 1b) . Thus, the structure of 9 was unambiguously assigned (Figure 1a ). IIQ C (10) was isolated as a dark yellow solid. Its molecular formula was determined as C 21 13 C NMR data of 10 were highly similar to those of 9 (Table 3 ). Further comparison of 1D and 2D NMR data revealed that 10 was a 7-OCH 3 congener of 9, which was confirmed by HMBC correlations from 7-OCH 3 (δ H 3.70) and H-5 (δ H 6.73) to C-7 (δ C 140.0), and from 8-OH (δ H 13.71) to C-7 (δ C 140.0), C-8 (δ C 157.9) and C-8a (δ C 106.5). Complete analysis of the 1 H NMR, 13 C NMR, 1 H-1 H COSY, HSQC, HMBC and ROESY spectra (Figure 1b) provided further evidences supporting for the structural assignment of 10 ( Figure 1a) .
Desoxyerythrolaccin (11) was isolated as an orange solid, whose structure was confirmed by comparison of its MS and NMR data with those published previously. 18 
Antibacterial activities
IFQs have been reported to inhibit the growth of different bacteria. 3 We first subjected the 11 compounds to antibacterial assay, using the agar diffusion method with 7 mm paper discs containing 100 μg of compounds or tetracycline as a positive control, against selected Gram-positive bacteria, Staphylococcus aureus ATCC 25923, Bacillus subtilis ATCC 23857 and Mycobacterium smegmatis ATCC 607, and the Gram-negative bacterium Escherichia coli ATCC 25922. For the active compounds, their minimum inhibitory concentrations (MICs) were then determined by the broth dilution method. 23 The assays were performed in the 96-well plates in duplicate with Müller-Hinton broth. As summarized in Table 4 , 11 exhibited moderate antibacterial activity against S. aureus ATCC 25923, B. subtilis ATCC 23857 and M. smegmatis ATCC 607, with the MIC values of 3.4, 3.4 and 1.7 μg ml − 1 , respectively, which were similar to the reported MIC values for the R1128 substances, structurally similar to 11, against other S. aureus and B. subtilis species. 24 Although none of the IIQs (8-10) was active, several IFQs (1 and 5-7) showed weak activity against the Gram-positive bacteria tested with MIC values higher than 50 μg ml − 1 . All compounds showed no antibacterial activity against the Gram-negative E. coli ATCC 25922, which was consistent with the results observed for similar natural products. 4, 24 Identification of the ifq Cluster and a proposed biosynthetic pathway for IFQs Inspired by the recently reported ifn gene cluster from Streptomyces sp. RI-77, which was confirmed to encode the biosynthesis of JBIR-76 and JBIR-77, 6 two IFQs structurally similar to 1-6 (Figure 2) , we decided to identify the ifq gene cluster in Streptomyces sp. CB01883 to shed light on IFQ and IIQ biosynthesis. Bioinformatics analysis 25 of the Streptomyces sp. CB01883 genome revealed the ifq gene cluster that showed identical genetic organization, with high sequence identity, to the ifn gene cluster 6 (Figure 2a) . With the exception of ifnI, which was annotated to encode a 161-amino acid hypothetical protein 6 and is missing from the ifq cluster, pairwise comparison of the annotated proteins between the two clusters revealed high amino acid identity (Supplementary Table S2 ), strongly supporting that the ifq gene cluster most likely encodes the biosynthesis of IFQs, such as 1-6, in Streptomyces sp. CB01883.
Thus, we now propose a unified pathway for IFQ biosynthesis, featuring the same acyl carrier protein-tethered octaketide intermediate 12, intermediates 13 and 14, substrate and product of the key Baeyer-Villiger monooxygenase (IfnQ or IfqQ) to furnish the characteristic IFQ scaffold, and the pre-IFQ intermediate 15. At this point, the biosynthetic pathway diverges with 15 being further oxidized and methylated to JBIR-76 and JBIR-77 in Streptomyces sp. RI77 or to IFQ A-F (1-6) in Streptomyces sp. CB01883, respectively ( Figure 2b ). As the ifn and ifq gene clusters are nearly identical, the divergence is unlikely resulted from the enzymes encoded within the two clusters. Rather, variations in fermentation conditions, hence discrepancy in relative enzyme activities within the gene clusters, as well as other adventitious enzyme activities beyond the gene clusters, might be the likely causes that resulted in production and isolation of JBIR-76 and JBIR-77 in Streptomyces sp. RI-77 6 and IFQ A-F (1-6) in Streptomyces sp. SB3501, respectively, as the major metabolites (Figure 2b) . Interestingly, in additional to be isolated from both plants and microorganisms, 26, 27 11 has also been produced by a recombinant Streptomyces strain expressing the actI/actVII/actIV genes that encoded the type II polyketide synthase and associated cyclases for actinorhodin biosynthesis. 18 Since similar acyl carrier protein-tethered octaketide intermediates have been well established for actinorhodin biosynthesis, 18 11 could be viewed as a shunt product of 12 (Figure 2b) , the isolation of which provided further support for the proposed pathway for 1-6 biosynthesis in Streptomyces sp. SB3501.
Intrigued by the fact that Streptomyces sp. RI-77 and Streptomyces sp. CB01883 contain nearly identical gene clusters (that is, ifn and ifq, respectively) yet produced varying IFQs (that is, JBIR-76 and JBIR-77, and IFQ A-F, respectively) under the conditions studied, we carried out virtual survey 17, 25 of all bacterial genomes available in public databases, in an attempt to search for additional ifn-or ifq-like gene clusters. We identified six additional clusters, all of which are from actinomycetes (Supplementary Figure S79) . In particular, the 'ifq' gene cluster from Streptomyces sp. CF386 is highly homologous to both ifn and ifq gene clusters (Figure 2a and Supplementary Table S2) , indicative of Streptomyces sp. CF386 as a potential producer of JBIR-76, JBIR-77 or IFQ A-G. The other five gene clusters displayed many differences, in both genetic organization and the genes within the clusters, to the ifq, ifn and 'ifq' gene clusters (Supplementary Figure S79) , indicative of them as potential sources to discover, thereby further expanding the IFQ family of natural products. Figure S80) . Thus, chemical reactions between 2 and NH 3 , and between 1 or 2 and anthranilamide could account for the formation of 8 and 9 or 10, respectively (Figure 2b) . Alternatively, condensation between 1 and anthranilamide, by first regioselectively attacking C-4 of 1 followed by an imine-mediated ring closure (Supplementary Figure S80) , could account for the formation of 7 (Figure 2b ), although IFQ with a spiro-fused aminal structure like 7 is not known previously. The idea of IIQs deriving nonenzymatically from IFQs in the presence of an amine in fact could be traced back to the early observation that IIQ, such as bhimamycin C or D, could be obtained from the corresponding IFQ, bhimamycin A or B, by direct heating in the presence of an amine, such as ethanolamine or anthranilic acid, respectively, albeit in low yields. 3 We now show that simply heating a solution of 1 and anthranilamide in ethanol can readily afford 9 directly, and this reaction can be significantly accelerated upon acid catalysis (Supplementary Figure S81) . On the other hand, all attempts to prepare 7 by mixing 1 with anthranilamide were not successful, in spite of the fact that 7 was isolated in a racemic form, indicative of its non-enzymatic origin.
In summary, we have isolated seven new IFQs (1-7), three new IIQs (8-10) and a known anthraquinone desoxyerythrolaccin (11), 18 from a mutant strain of Streptomyces sp. CB01883 selected based on the chemical profiling during fermentation optimization. The new compounds feature varying modifications at the A-ring (1-6), B-ring (7) and C-ring (8) (9) (10) , expanding the structural diversity of the IFQ and IIQ family of natural products. Antibacterial assays have showed that 11 and 1, 5-7 exerted moderate and weak activity, respectively, against several Gram-positive bacteria tested. Bioinformatics analysis of the Streptomyces sp. CB01883 genome resulted in the identification of the ifq cluster, enabling us to (i) propose a unified pathway for the biosynthesis of the IFQ family of natural products and (ii) speculate the origin of IIQs and its biosynthetic relation to IFQs. The proposal that IIQs may be derived nonenzymatically from IFQs was supported by chemical transformations of selected IFQs into IIQs in the presence of an amine. The presence and diversity of ifq-like gene clusters in sequenced microbial genomes highlights once again that Nature is the ultimate combinatorial biosynthetic chemist and presents us with a great opportunity to discover novel natural products from underexplored microorganisms. 
MATERIALS AND METHODS

General experimental procedures
